Abstract This paper describes a novel experimental rig and associated experimental method developed to investigate composite fabric/tool contact at the microscopic scale. A key feature of this method is that it enables direct observation of real contact at the scale of fibres and the evolution of this contact under simultaneous application of shear and compression loads. To observe the contact, an optical semi-reflective coating is used. An algorithm is developed to analyse the contact images and measure the real contact length and orientation of individual fibres. The method is applied to microcontacts of carbon twill fabric. The real contact length under an apparent pressure of 1.9 kPa is surprisingly small compared to the apparent contact length. Transverse forces associated with friction are also measured. However these results are difficult to interpret as the test generates friction forces which differ from those which would be seen in conventional sliding friction tests.
Introduction
Shear is the principal deformation mode of composite fabrics while being formed into a curved shape [1] . Therefore, knowing fabric shear characteristics is vital for modelling of the forming of composite parts. These characteristics are usually obtained either experimentally [2] [3] [4] [5] [6] [7] or by virtual tests [8, 9] . Benchmark forming experiments of dome and double-dome shapes revealed that the local shear angle varies by tens of degrees within the component [1] . There are two principal experimental methods to study shear of composite fabrics: picture frame and bias extension tests [2] . While the former results in a rather uniform strain field in a rhombus-shaped fabric specimen, the latter provides three different shear deformation zones in the rectangular specimen. The shear angle dependence on the applied force is measured in both tests and used to deduce fabric shear characteristics which can serve as input parameters in numerical models. The results are rather difficult to interpret and often differ between two tests, and even between the same test carried out on an identical textile in different laboratories [7] .
Although shear deformation in real composite forming is usually accompanied by a compression load, both of the above-mentioned tests operate with shear loading alone. The combination of both loadings might change shear load-displacement behaviour. This issue has been addressed very recently in experimental work [10, 11] presenting a device capable of applying combined tension, shear and lateral pressure on the fabric specimen, and in a finite element model of composite forming [12] . Unlike these studies focusing on macroscopic and mesoscopic fabric behaviour, the current paper presents a novel experimental rig designed to investigate fabric behaviour at the microscale under simultaneous shear and compression loading. A major aim of this work is to provide a tool for measurement of the contact conditions at the local scale and hence assist in modelling and understanding of friction phenomena.
The surface geometry of the composite fabric changes significantly under shear in picture frame tests, as well as during the draping of a dome shape, as has been revealed by microscopic observations [13, 14] . It is reasonable then to suppose that friction would be influenced by this continuous surface change. Indeed, the local fibre/tool and fibre/fibre contacts at the microscale, as well as the whole contact pattern at the mesoscale, constantly evolve under shear loading. The sum of these micro-contacts form the real contact area of the fabric/ tool contact.
Knowing the real contact area is necessary to understand and model accurately friction in composite fabric forming. For example a generally accepted model of adhesive friction for sliding of solids holds that frictional force is directly proportional to real contact area [15] . Alternative models of the frictional behaviour would also require, as a prerequisite, knowledge of the contact details. The real contact area can be measured by optical, electrical, acoustic and surface-coating methods [16] . Each of these methods presents some limitations, such as transparency of one or both of the bodies, electrical conductivity requirements or high sensitivity to surface films and impurities. One of the optical methods, based on the relation between the colour of an interference fringe and the distance from the contact, was chosen and adapted to measure the fabric/tool real contact area in the current work as described below.
The optical interference method is usually used to measure the thickness of a lubricant layer in the hydro-dynamic or elasto-hydro-dynamic lubrication regime [17] [18] [19] [20] . In this context, an oil-lubricated contact between a steel ball and glass disc under rolling, sliding or combined tribological conditions is investigated. This method is based on observation and measurement of the interference fringes formed between a part of the light beam reflected from the bottom side of the glass disc and the other part of this beam reflected from the steel ball surface. The colour and order of interference fringes correspond to local lubricant film thickness in a manner which can be calibrated to give quantitative measurements.
In order to enhance the interference fringe visibility, the bottom surface of the glass disc is often coated with a semireflective chromium layer [20] . The thickness of this layer must be optimised to provide equal reflectance and transmittance so as to produce clear interference fringes. This technique has several limitations, for example the minimum thickness that can be measured using visible light is around 45-75 nm [21] . An important advance to overcome this issue and to measure ultra-thin lubrication films made use of an additional SiO 2 spacer layer deposited on top of the Cr layer [18] . The thickness of this layer must also be optimized depending on the type of contact being observed.
The current paper combines a mechanical loading stagesimilar in principle but not identical to those used in the composite forming research community -with an optical interference method used in the tribological community for observing real contact area. Therefore, this novel device enables measurements necessary to understand contact phenomena in composite forming. It is anticipated that, as with other tribological systems, a modelling approach could then be adopted, based on this physical insight, to tackle the complexities of friction generation within the fabric and at the interfaces between fabric and tool. The focus of this paper is a description of this new experiment and its mechanical and optical analysis. An image analysis algorithm developed for identifying the real contact area from the derived images is also presented. Further work in [22] adopts the methodology described in this paper and develops a multi-scale contact area analysis to characterise the contact conditions.
Materials & Methods Experimental Equipment
A micromechanical experimental rig has been developed to investigate composite forming behaviour at the microscopic scale. The small size and shape of the rig allow it to be fitted under the microscope. A key feature of this rig is its capability of applying simultaneously shear and compression loadings.
As shown in Fig. 1 , the rig includes two miniature linear motors (Newport MFA-CC) mounted on a 1 cm thick aluminium plate. An open shear frame is specially designed for this experiment to hold the composite specimen, connect it to the motors and apply shear deformation. Both parts of the frame sit on aluminium pins of diameter 1.5 mm with a clearance so that they can rotate freely around the pin. The fibre bundles in a 5 mm margin around the edge of the specimen are fixed with sticky tape prior to these fabric edges being clamped into the shear frame. The clamping force is applied via screws passing through the shear frame arms and the fabric. As the motors move apart, the shear frame continuously closes, gradually increasing the shear angle of the fabric as shown in Fig. 2 .
The compression force N normal to the plane of the fabric is applied with two symmetrically placed screw-spring-nut systems. Two glass plates of 20 mm width compress the fabric sample in the central area. The dependence between the applied force and the spring length was measured with a FlexiForce®pressure sensor placed between two glass plates prior to the experiments. This relationship was found to be linear with a stiffness of 0.79 N/mm. The spring deformation was consequently used as an indication of the compression force during the experiment when composite fabric is sheared between the glass plates. This force is assumed to only vary due to a change in fabric thickness. Moreover, a rectangular slot in the aluminium support block restricts movement of the glass plates in the direction of the motor motion.
The transverse force is measured by two load cells mounted on top of each motor and connected to the shear frame. The load cells (model MLP-10, Transducer Techniques) are connected through a full bridge strain gauge amplifier to a PC computer via a data acquisition device (NI USB-6009).
The whole assembly is placed under an Olympus BX 51 M microscope equipped with a digital camera (Altra 20) with a resolution of 1196 × 1600 pixels in order to observe the deformation and sliding of the fabric specimen under transverse loading. With the lens of magnification×5 used in this study, each pixel has a side length of 1.515 μm. A linear stage (Prior ProScan II) installed in place of the microscope table is used to translate the whole rig horizontally, while vertical movement is controlled by a motor to allow auto-focussing.
Material
The equipment described in the previous section can be used to analyse fabric/tool contact deformations of a composite ply of any architecture and material. However, because the optical coating was optimized to the reflective index of carbon fibres, the real contact area observation with this coating would be possible only on carbon fabric materials. A 2×2 twill woven T700 (C24k) carbon fibre fabric of areal weight 400gsm and without binder was used in the experiments presented below. Firstly, a square sample of area 80×80 mm 2 is cut from a fabric roll. Then, all bundles further than 20 mm away from the sample centre are removed. The central square woven area of 40 × 40 mm 2 is compressed between the glass plates and analysed under the microscope. This removal of tows away from the centre of the sample is done to minimise the friction between tows outside the gauge section (see Fig. 2 ). The ends of the fibre bundles are clamped in the open shear frame such that the bundles are parallel to the sides of the frame. 
Contact Area Measurement Method

Imaging method
To make use of the optical method presented in the Introduction to investigate the contact, one of the glass plates was covered with a semi-reflective coating (Tofico, France). The layer thickness of the semi-reflective coating must be adjusted depending on the reflectivity of the observed object to give the best colour contrast between the contact and non-contact areas. Since carbon fibre fabric is the object of our study, the optical coating thickness was adjusted to clearly observe carbon fibre contacts. A stack of one chromium and one silica coating layer was chosen to observe the smallest distances between the fabric fibres and the plate. The thicknesses of both layers were optimized for carbon fibre contact visualisation using TFcalc software [23] at the LTDS laboratory of the Ecole Centrale de Lyon in France. The optimization was made for an incident angle of 0°, white light and with the reference wavelength of 633 nm. Using the optical characteristics of carbon fibres and both layers and taking into account the type of deposition method, the optimal values were found to be 8 nm for chromium and 140 nm for silica. Although the coating with these thicknesses has worked well in the results presented here, one needs to be cautious when repeating this experiment. To obtain the required optical properties, i.e., reflectance and transmittance equal to 0.3, the coating thickness needs to be corrected according to the energetic parameters of the deposition method which influences the density of atomic packing and porosity and, therefore, the optical properties of the coating.
In theory, this optical contact observation method does not present significant limitations on contact size. In practice, the limits of the detected contact size are imposed by the microscope camera resolution and the observation area. Moreover, there is no limitation on the carbon fibre material architecture, although only the contact of the carbon fibres can be seen clearly using this specific coating, so that for example binder or polymer stitches present in non-crimp fabric would not be clearly visible. In principle contact of other optically reflective fibres could be observed if the coating thickness were adjusted to take into account the fibre's reflectivity.
Image analysis algorithm
An example of the image of the carbon fibre fabric is shown in Fig. 3 . The fibres in contact and the interference fringes along these fibres can be easily distinguished in Fig. 3(a) , indicating areas closer and farther from the contact. For the sake of this analysis, only the brightest areas which are in direct contact with the glass are considered.
In order to detect these areas automatically, a Matlab [24] algorithm has been developed as presented in Fig. 4 . The fibre contacts are detected with the aid of a filter scanning the original image searching for long and thin objects as described below.
Before the main analysis, the microscope RGB image is converted to greyscale and the non-uniform background due to the light source is removed. Then, a square 41-by-41 pixel filter is created with ones in a 3-pixel-wide horizontal band in the middle and zeroes elsewhere. The size of this filter is one of the parameters of the algorithm that has been tuned to obtain best results in terms of fibre detection and noise minimisation. The whole microscopic contact image is convolved with this filter to give an image matrix in which high pixel intensities correspond to fibre contacts which are orientated horizontally (i.e., parallel to the filter). Then, the white band in the filter is rotated by 1°and the analysis is repeated to obtain another image highlighting objects at an orientation of 1°. This process is repeated with the filter rotated between 0 and 90°in steps of 1°. The result of this analysis is a set of 91, with each image identifying fibres at an angle between 0 and 90°.
When all orientations have been considered, an intensity threshold is applied to all 91 images to detect the areas in contact. In order to eliminate possible noise and surface impurities that can interfere with the contact identification, a further filter is applied to detect only long and thin objects by imposing a threshold value of 0.99 on the eccentricity of all contacts. Since some fibres form double-or triple-fibre contacts which are seen in the image as thicker areas, these areas are reconsidered a second time with a higher intensity threshold to separate individual fibre contacts. Finally, the length and the orientation of each fibre contact in the image are measured. Figure 3(b) shows the result of the image analysis algorithm implemented on the microscopic image shows in Fig. 3(a) . The detected fibre contacts are highlighted in red. A comparison of the two images in Fig. 3 shows that all contacts discernible to the naked eye are effectively captured by the algorithm adopted despite the presence of some scratches and impurities seen on the original image. The details of the image analysis algorithm were optimised in an ad hoc way to ensure that the clearlyvisible fibres were effectively captured. To verify the robustness of the chosen parameters, the effect was examined of changing two key variables, the filter length and the threshold for bright regions. Results for a 'reference case' for a filter length of 41 pixels and a threshold of 14 were compared with calculations for changing the filter length to 31, or changing the threshold values to 10 or 18. These threshold values were chosen as being on the limit of credibility when compared with the visual check. Averaging the fibre length calculated over 72 images, there was negligible difference for the change in filter length, and a +13 and −20 % change in fibre length for changes in brightness threshold. These results are considered acceptable, representing extreme ranges for the estimated fibre contact length and demonstrating the robustness of the algorithm. Additional data related to this publication is available at the Cambridge University data repository (http://www.repository.cam. ac.uk/handle/1810/247243).
Results & Discussions Image Analysis of Microscopic Contact of Twill Carbon Fabric
Although the length of linear contact of all fibres can be measured by this algorithm rather accurately, the width of the contact patches cannot be measured due to limitations of image resolution. Therefore, this width should be estimated or measured by other methods, as discussed in [22] . Figure 5 presents part of an image of a twill carbon fabric contact region composed of several collated images with magnification ×5. This region is chosen to illustrate the real contact length of one tow contact and the space between adjacent tows. This image is taken under a normal load of 1.77 N, corresponding to a normal pressure of 1.9 kPa. The number of fibres in contact is rather low compared to the 24,000 fibres in the yarn. These contacts are intermittent and the orientation of many fibres differ significantly from the overall orientation of the tow. The real tow contact is rather sparse and the distance between adjacent tows is large compared to these contacts, forming a surprisingly low real contact area compared to the apparent contact (i.e., the whole area of the image in this case).
The methods described in this paper are used and developed in [22] to perform a multi-scale quantitative analysis of the real contact area on a large number of images of a given sample. The variability within samples can then be used to assess the accuracy of the measurement.
Analysis of the Geometry and Loads Applied by the Rig
The analysis presented below characterizes the geometry and loading of the current test procedure in order to help to position the current test relative to the two classical shear tests. Indeed, the loading applied by the new experimental rig is partly similar to the picture frame test, where the shear is applied by a frame, and partly like the bias extension test, where the shear angle is different in the central and edge zones. A shear experiment without compression and one under a compression load of 1.77 N were carried out to perform this analysis. Transverse loads at both ends of the sample were continuously measured with a sampling frequency of 1 kHz. The deformation of the whole fabric specimen was observed with a digital camera (Casio EX-FH20) with a resolution of 1280×720 pixels. In order to analyse shear deformation, a video of the experiment was recorded with a frame rate of 29 frames/sec.
Fabric shear deformation and open shear frame angles
The angle 2α between the two arms of each part of the shear frame and the angle 2β between the crossing carbon fabric bundles (as shown in Fig. 2) were measured from the video images recorded during the experiment. The orientations of six tows are considered for each deformation step to calculate the average value and standard deviation of 2β. The results for the shearing experiments without compression and with a compressive load of 1.77 N are presented in Fig. 6 .
In the no-compression shear test, the rate of angle decrease is slightly faster for the composite bundles than for the shear frame. This might be due to the initial difference between 2α and 2β, which is about 20°. Previous work [3, 25] using digital image correlation measurements at the mesoscopic scale show that, while the principal mode of deformation is shear in the test section in bias extension or picture frame tests, the composite fabric tows also undergo rigid body motion. This was found to be the case until the locking angle was reached. Then the lateral compression between the yarns led to a fast increase of the shear force. They conclude that Bthe strain field within the yarn is null or very weak^. Although the mesoscopic behaviour of the tows under shear loading alone has not been characterised in our test, we believe that it is likely to be similar to the behaviour observed in the classic fabric shearing experiments. On the other hand, the compression loading and friction between fabric and tool may affect this rigid-tow behaviour.
For the case where the fabric is compressed, Fig. 6 shows that the fabric shear angle in the central clamped area remains unchanged for about the first 16 s of the test and then decreases rapidly. The extension during this initial phase of the test serves to deform the relatively few bundles that have not been removed from the region outside the clamped area, as
Compression
No-compression DeformaƟon of unclamped area Clamped area shear shown in the sequence of four images seen in Fig. 2 . As in the classical picture frame test, clamping of fabric in the grips results in local fibre bending close to the grips. At the end of this initial phase, the outermost sections of the bundles are highly curved and reach a locking angle limit. However the details of the deformation of these outer bundles are not critical, as the role of these regions is only to transmit a force which causes deformation of the gauge section, which in this case begins to shear 16 s into the test.
There is a slight discrepancy of about 5°between the angle 2α of the two parts of the open frame for both tests. This is due to asymmetry in the way that the specimen is fixed into the grips. A similar problem can occur in the picture frame test, where differences in sample fixation, clamping forces, pretension and fabric misalignment lead to a lack of reproducibility in the results [7] . Misalignment of individual yarns also contributes to unsymmetrical loading both in the picture frame test [6, 26] and in the proposed compressed open-frame shear test.
Apparent contact area, normal pressure and friction force
The width of the apparent contact area, i.e., the whole sample area clamped between the glass plates, falls as the specimen elongates during the test. This change in width, which is measured using video imaging, is plotted in Fig. 7 as a function of macroscopic shear angle. While the shear angle increases from 15 to 50°, the total clamped area drops by around 35 %. On the other hand, the change of sample thickness due to lateral shrinking is about 0.4 mm between the start and the end of experiment. This corresponds to an increase of normal force of about 23 %, from 1.77 to 2.17 N. The apparent normal pressure p app increases gradually during the experiment due to these changes in normal force and apparent contact area, rising by about 89 % from the start to the end of the experiment.
A comparison of the measured transverse forces with and without compression is presented in Fig. 8 . The difference between the measured force curves might be attributed to the friction between the fabric and two glass plates. However, caution should be used with this interpretation because there is a difference between the usual Bsliding friction^and the friction measured in the current experiments, which might be termed Bshearing friction^. Sliding friction is associated with relative movement between two solid bodies. It is characterised by a sliding friction force, which is a macroscopic characteristic neglecting internal deformations of the sliding body. The friction force measured in the current experiments is a combination of the internal friction between carbon fibre bundles and friction between carbon fibre bundles and the two glass plates. Both these phenomena are due to shearing of the composite fabric, rather than a rigid body macroscopic sliding of the fabric as a whole relative to the glass plates.
The shearing experiment without compression, presented in Fig. 8 , shows that the frictional forces between the carbon bundles are rather small for shear angles less than the locking angle, which is estimated as about 60°. Considering the dependence shown in Fig. 8 of the shear angle in the compressed central section on the applied shear force, it appears that the shear angle starts to change when a compression force of around 2 N is applied. Taking into account the two contacts on both sides of the fabric, this threshold applied force corresponds to a static shearing friction coefficient of 0.57. The further growth of transverse load with increasing shear angle is a combination of kinetic shearing friction forces, increased inter-bundle interaction forces approaching the locking angle and traction forces. The increase of contact pressure due to sample thickening may also contribute to the increase of the transverse force.
While the experimental setup enables transversal force measurement, this data is not the main focus of the study. The friction of fibres compressed by a forming tool in a sheared 3D composite is very complex and its investigation should be approached in stages. Firstly, the measurement of contact area between the fabric and tool using the rig presented in this paper gives access to information about local fibre deformations and movements close to the surface. This real contact area allows calculation of the real contact pressure which can form the basis for accurate micromechanical modelling of fabric deformation in the forming processes. Then, the contact between fibres and bundles inside the fabric will need to be investigated, since an accurate fabric forming model would need an understanding of both tool/fabric and bundle/bundle contacts at the microscopic scale.
Conclusions and Future Work
The novel experimental rig and methods presented in this paper allow for the first time the observation of the true contact area between carbon fibre fabric and a smooth tool. The methods have been successfully validated on a twill carbon fabric. An optical coating of optimized thickness on the compressing glass plates allows observation of the carbon fabric/glass contacts at the microscopic level. A set of image analysis algorithms has been developed to provide automated detection of individual fibre contacts in the microscopic images and measurement of their length and orientation. In conjunction with the observations, the mechanical loading provided by the rig applies shear deformation to the gauge section of the fabric in the range of shear angles relevant to fabric forming processes. This shear of the fabric might be expected to change the contact conditions and hence the tribology of the contact.
The measured dependence of the applied transverse force on the shear angle follows a similar trend to those seen to traditional shear experiments using the picture frame or bias extension tests. However, the interpretation of the measured forces is less obvious. The addition of a normal compression load on the fabric creates additional friction forces between bundles within the fabric and between the fabric and the compressing plate which contribute to the measured force. With the focus of the rig on observation of the microscopic contact, issues over interpretation of the measured forces is not seen as a critical limitation, although further work would be needed to use the rig to derive useful friction measurements.
